Crater formation that accompanies laser-induced damage is the result of material ejection following the rapid, localized heating to temperatures on the order of 1 eV. The objective of this work is to compare the material ejection behavior in fused silica and KDP crystals as captured using time-resolved shadowgraphy. These two materials are of fundamental importance in ICF class laser systems but they also represent materials with significantly different physical properties. We hypothesize that these different properties can affect the material ejection process.
INTRODUCTION
Laser-induced damage in optical materials for high power nanosecond laser systems arises from localized energy deposition into the material due to the presence of pre-existing light absorbing defects [1] [2] [3] [4] [5] [6] . Laser damage on the surface of optical materials is associated with a cascade of material response effects that include plasma formation, expansion and confinement, high pressure and temperature of the affected material, surface swelling, gaseous material ejection, generation and propagation of shockwave and stress waves, particle ejection, mechanical damage of adjacent material including cracking and pulverization, as well as elastic and plastic deformation leading to densification [7] . These effects ultimately lead to the formation of a crater on the surface that involves modified material having a high concentration of defects [8] [9] [10] [11] [12] . Since a detailed theoretical description of this multi-component process is currently not feasible, our approach is to advance knowledge by performing time-resolved experiments with adequate spatial and temporal resolution.
Fused silica and potassium dihydrogen phosphate (KDP and its deuterated analog, DKDP) are key optical materials in ICF class laser systems [1, 5] . They both exhibit limitations in performance under high fluence irradiation associated with laser-induced damage. Under the current operational conditions, these two materials are exposed to similar laser fluences. However, their material properties are distinctly different [13] . Fused silica is amorphous while KDP is a tetragonal crystal. Fused silica has very low thermal expansion coefficient and a high temperature has to be reached before evaporation is significant. KDP has a thermal expansion coefficient about 50 times larger than that of silica and a very low melting temperature so evaporation can be significant at much lower temperatures. Therefore, one expects the dynamic response in each material following ns pulse laser energy deposition to be, at least in part, influenced by their respective material properties.
To address the impact of these different material properties, we have extended our previous studies of the material behavior following exit surface damage in fused silica with corresponding experiments performed on KDP. The results demonstrate a very different early stage behavior where the evaporation and ejection of material exhibit different kinetics between the two materials. After this initial period, an ejected material jet forms in KDP that is similar to that observed in fused silica. Furthermore, the temporal duration of the material ejection process is much longer in KDP, extending to more than 100 µs from the initiation laser pulse compared to about 20 µs measured in fused silica. Side-byside comparison of the dynamic response in these materials following ns pulsed laser energy deposition reveals mechanisms by which the intrinsic properties of the material affect the material ejection and the final morphology of the damage site. 
EXPERIMENTAL DESIGN
Experiments were performed using time-resolved shadowgraphy microscopy configured to capture two transient images per event. The delay of each image with respect to the pump pulse was independently adjusted. A schematic depiction of the experimental setup is shown in Figure 1 . The time-resolved microscope system has been described in detail elsewhere [14] . In brief, damage was induced on the exit (rear) surface of fused Silica and z-cut KDP samples by exposure to a focused (≈50 µm 1/e 2 diameter at the surface location) laser beam using a 5-cm focal length lens with focal point located about 1 cm beyond the sample's exit surface. The pump laser operated at 1064-nm, 10 ns FWHM (full-width-half-maximum intensity) and the estimated peak fluence on the exit surface was on the order of 10 3 J/cm 2 . The image plane of the microscope was orthogonal to the sample's surface and parallel to the direction of pump beam propagation. The side of the sample was illuminated with two spatially overlapped, orthogonally polarized 532 nm, 4.5 ns FWHM probe laser pulses. A composite 5X zoom and 2X objective lens system was used to collect the dual-probe signal traversing the ejected material volume; this signal was subsequently passed through a 532-nm narrowband filter and separated into its constituent polarization components using a polarizing beam-splitter. Thus each component arising from a different probe captures the dynamics of the ejected material at a different pump-probe delay time. Images from each probe beam were recorded by separate charge-coupled device (CCD) cameras.
The top inset shown in Figure 1 summarizes the main processes involved during exit surface laser-induced damage including the material ejection process and the formation of a shockwave in the air. These two components are the focus of this investigation. In particular, the time-resolved imaging system is designed to capture the microscopic particle ejection and the propagation of the shockwave. The spatial resolution of the system is reduced to about 2 µm (static resolution) in order to increase the field of view to better capture the differences in the material ejection process between the two materials. A detailed description of the material ejection process in fused silica under 355 nm, 3 ns laser excitation with one order of magnitude lower fluences than those used in this work has been provided elsewhere [15, 16] . Figure 2 shows time-resolved images of the material ejection process in fused silica and KDP at 150 ns and 450 ns delay. The location of the shockwave propagating in air is denoted by an arrow. The fairly similar expansion of the shockwave in the two materials indicates that the initial energy deposited was approximately the same during the individual laser-induced breakdown events. For the case of exit surface damage in fused silica (top images in Figure 2 ), the ejected particles formed a well-defined jet which is similar to that observed under excitation at about 40 J/cm 2 at 3ω, despite the very different excitation conditions (detailed elsewhere, [15, 16] ). In contrast, exit surface damage in KDP (bottom images in Figure 2 ) produces an initial conical shell pattern of ejected particles. The speed of the ejected particles in KDP (i.e., location of the particle jet front) is also slower than that observed in fused silica by a factor of about 2. At later delays, the conical shell pattern of ejected particles in KDP is followed by a regular jet, similar to that observed in fused silica. This behavior is captured in the time-resolved images shown in Figure 3 illustrating the evolution of the particle ejection at 2.5 µs, 10.5 µs, 30.5 µs and 200 µs delays, respectively. Specifically, the image captured at 2.5 µs delay shows the conical expansion of the early ejected particles; however, at the base, the jet appears to significantly narrow. This transition from conical ejection to conventional ejection within a narrow angle from the direction vertical to the surface is best depicted by the image captured at 10.5 µs delay shown in Figure 3 . In particular, this image shows a conventional narrow jet of particles ejected from the surface of KDP, in contrast with the initial conical shaped jet observed at early delays. In addition, this image captured at 10.5 µs delay shows that the width of the jet is wider near the surface. This is attributed to the onset of ejection of mechanically damaged material from the region surrounding the original site of laser energy deposition. The particles originating from this area appear larger and have the form of flakes and chips of mechanically (impact) damaged KDP material. The image captured at 30.5 µs delay show the propagation of these larger ejected particles along a path that is also vertical to the surface. The image captured at 200 µs delay shows KDP Surface damage initiation the last group of particles ejected from the surface that have speeds of about 6 m/sec (for the particles farther from the surface) or less.
EXPERIMENTAL RESULTS
A different behavior was observed in KDP during exit surface damage initiation with lower fluences, on the order of 500 J/cm 2 . The results shown in Figure 4 are representative of this latter behavior. Specifically, the shockwave formed in the air is clearly visible but propagates at a lower speed (by a factor of about 0.4) compared to the case depicted in Figure 2 for exit surface damage in fused silica. In addition, the conically expanding jet of particles observed at early delay times (Figure1) is absent. In fact, only very few particles are visible or often no particles at all. Our interpretation of this behavior is that the energy deposition is taking place below the surface, thus limiting the initial ejection of particles. However, this process is taking place close enough to the surface so that the surface swelling can support the generation of the shockwave. It is likely that gaseous material is also produced during this early phase (not visible with this method), which can contribute to the generation and enhancement of the shockwave. In the images shown in Figure 4 captured at 150 and 450 ns delays, respectively, ejected particles are barely visible (a much smaller number of them) and, at later delays, they are forming a convectional jet (see images in Figure 4 captured at 10.5 and 30.5 µs, respectively). This latter effect may be attributed to the eruption of the sub-surface damage site followed by relaxation of the affected material in part via the production of ejected particles. 
DISCUSSION
Based on the kinetics of the ejected material in KDP, damage initiation can be separated into two types, surface-initiated and subsurface-initiated. Both of these salient behaviors in KDP may be assigned to the expansion of the partially confined plasma region followed by explosive relaxation including ejection of gaseous material and micro-scale particles. This process follows the initial generation of a shockwave of the laser-heated volume, which may be driven, by surface swelling (mostly for the subsurface damage initiation case) and an initial evaporation of affected material near the surface. Additional details on these processes involved in the early phase of material ejection during laser damage will be discussed in detail elsewhere.
Due to the low boiling temperature of KDP -400 C° in KDP vs. ~2300 C° in SiO 2 , the initial response of the affected superheated material is quite different. In particular, the ejection of material in KDP takes place mainly via the production of gaseous material while, in contrast, SiO 2 can support production of liquid droplets from early delays. As a result, only the peripheral regions of the heated region in DKDP where the temperature is considerably lower can support formation of micro-scale particles. These particles are ejected in the presence of the expanding gaseous material from the central region. The combined effect is captured with the observation at early delays of ejection in KDP of particles in a conical pattern, as shown in Figure 2 .
At later delays, the adjacent material to the damage spot is heated up to high temperature. The thermal conduction is low in both, KDP and fused silica and probably evaporation remains the main cooling mechanism in both materials. For fused silica the evaporation stops when the temperature drops below 2300 C° while in KDP evaporation stops at T~400 C° (and melting at 250 C°). Therefore, the evaporation in KDP will probably continue to much longer delays along with the ejection of liquid droplets.
A jet propagating vertical to the surface is observed in the transient images captured at later delays, similar to that observed in fused silica, indicating similar underlying mechanisms. Since the ejected particles in KDP are at lower temperature, a relatively larger fraction of them are due to mechanically damaged material. Stored elastic energy may be in part responsible for the kinetic energy of the ejected particles. Figure 3 demonstrate that the material removal in KDP extends well outside the region of the incident pump laser beam, in contrast with the behavior observed in SiO 2 . The lower fracture toughness of KDP may be responsible for this behavior (0.1 MPa•m 1/2 in KDP vs. 0.75MPa•m 1/2 in SiO 2 at room temperature) giving rise to a wider region of mechanically pulverized material. This weakly attached, mechanically damaged material may govern material ejection at later delays and continues for a longer period of time in KDP than in SiO 2 ; these latter effects may be due to reflected waves and/or surface motion resulting from the recoil pressure applied to the material following laser energy deposition.
The transient images shown in
Comparison of the results in KDP and fused silica indicates the importance of melting and evaporation temperatures in determining the material response when both materials are subjected to similar initial temperatures and pressures during a damage event. The results also suggest temperature differences and pressure gradients within the affected material volume play an important role in the material ejection process.
